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Abstract: - An electric vehicle driven by DC motors has been widely used for several applications. In this 

paper, replacement of the DC motor by a single-phase induction motor on the electric vehicle is proposed. 

Low cost and less maintenance make the single-phase induction motor more impressive although a 

complicated inverter onboard the vehicle is required. This paper investigates this possibility through a whole 

system of electric vehicle movement simulation. The whole system simulation consists of three main parts: 1) 

power supply interface 2) motor performance calculation and 3) vehicle movement simulation. The electric 

scooter of 0.26 kW rating was employed for test. As a result, a single-phase induction motor showed ability to 

drive an electric scooter carrying with 80-kg load at almost constant speed of 20 kph.   
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1. Introduction 
To date, three-phase induction motors have been 

increasingly important for industrial electric motor 

applications [1].  It should note that there still exist 

DC motors in some limited applications, e.g. motors 

for vehicles. Apart from a large-size electric motor 

drive, single-phase induction motors are widely used 

in household electric motor applications [2]. This 

application typically consumes power of a fractional 

horse power up to around ten horse powers.     

     In general, single-phase motors are controlled by 

a thyristor-phase controller or a variable resistor. 

This is quite simple, but it is not efficient in terms of 

energy consumption. To achieve this goal, complex 

control strategy cannot be avoided as long as AC 

machines are involved. One of widely-used control 

schemes is variable-voltage, variable-frequency 

(VVVF) [1,2]. It can be applied for motor control in 

many forms. With availability of its performance 

control, low installation cost and less maintenance, a 

single-phase induction motor can replace an 

expensive DC motor for electric vehicle 

applications.   

      In this paper, a whole system simulation of an 

electric scooter drive system is proposed in section 

2. It consists of three main parts: 1) power supply 

interface 2) motor drive performance and 3) vehicle 

movement simulation. Section 3 presents a simple 

method to regulate vehicle speed. Simulation results 

and discussion are shown in section 4 and 5 

respectively.  

2. A Whole System Simulation of An 

Electric Scooter Drive System 
A whole system simulation of an electric scooter 

drive system consists of three main parts. The first 

part is power supply interface. Battery storage [3,4] 

and power-electronic inverter with its controller [5] 

are the heart of this part. Its main function is to 

provide a conditioned voltage waveform to feed an 

onboard electric motor. The second part is motor 

drive performance. In this paper, only the single-

phase induction motor is focused. Adequate 

mathematical models are briefed [6,7]. These 

models are employed to simulate motor 

performances, e.g. speed of the rotor shaft, motor 

torque, etc. The third part is electric vehicle 

movement simulation [8,9]. This part operates by 

the motor torque generated from the motor 

performances. This torque directly applies to the 

vehicle wheel shaft as direct coupling. All three 

parts are explained in more detail as follows.   
 

2.1 Power Supply Interface  
Battery is vital to energize overall energy to the 

entire system. In practice, battery onboard a vehicle 

cannot be modeled by an idea source due to its Ah 

capacity [3]. This characteristic is the most 

important assumption to make the simulator 

virtually realistic. However, a simple battery model 

is not much complex. It may be represented by a 

Thevenin’s equivalent circuit [4] as shown in Fig. 1. 

This model can be used together with battery 
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discharge curve [3] to provide a practical battery 

voltage characteristic as shown in equation 1.   

 

 
a) Battery structure 

 

 
b) Battery equivalent circuit 

 

Fig. 1 Battery model 

 

0V = E - IR                                       (1) 

 

Another component in this part is equally important. 

It is an electronic inverter to provide controlled 

voltage waveform to feed an onboard traction 

motor. Although a single-phase inverter can be 

either half-bridge or full-bridge configuration, in 

this paper only the full-bridge inverter type [5-7] is 

chosen as shown in Fig. 2.   

 

 
Fig. 2 Full-bridge inverter configuration  

 

2.2 Motor Performance Calculation 
A single-phase induction motor is selected as an 

energy converter of the system to converse 

electrical energy into mechanical energy. Single-

phase induction motors can be characterized by 

several different models. The space-phasor 

approach [10] is the method used in this paper. With 

this model, motor currents, torque and speed can be 

observable. The space-phasor model is very 

complicated and needs more space for explanation. 

However, in this paper only a brief description is 

presented as follows [6,7] 

 
Fig. 3 winding alignment of a single-phase motor 

. 

     Fig. 3 describes winding alignment of a single-

phase induction motor consisting of main and 

auxiliary windings with their induced voltages and 

currents. As shown in the figure, a stationary 

reference frame which is along the axis of the main 

stator winding is defined and used for mathematical 

analysis throughout this paper. It is essential to 

inform that all quantities especially on the rotor need 

to be transferred to the stator axis. This can be 

performed by using the following transform matrix. 
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The superscripts s and r indicate the reference axis 

in which the variable belongs to. Briefly, the 

induced voltages on the stator and rotor windings 

are summarized in Equations 3 and 4, respectively 
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By using the transform matrix mentioned above, all 

state variables can be transformed into the stator 

direct axis as follows. 

[ ] [ ][ ] [ ][ ]vBiAi
dt

d
+=    (5) 

 

where,  
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     rqs is stator resistance of the main winding 

     rds is stator resistance of auxiliary winding 

     Lls is leakage inductance of the main winding 

     LlS is leakage inductance of the auxiliary winding 

     Lmqs is mutual inductance on the stator q-axis  

     rr  is rotor resistance 

     Llr is leakage inductance of the rotor q-axis  

 

As can be seen, the two mechanical quantities, ωr 

and θr, cause the need for additional two equations 

which can be obtained from Newton’s second law of 

motion as shown in Equation 6.    
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Combine Equations 5 and 6, Equation 7 is formed.  
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where, 

     Jm is motor’s moment of inertia 

     Bm is damping coefficient  

 

Applying a numerical time-stepping method to solve 

a set of differential equations, motor currents, 

angular speed and position can be calculated 

numerically. Moreover, an induced torque Te of a 

single-phase induction motor can be expressed as 

equation below.   

 

( ) ( )e mqs qs qr r dr r mqs ds qr r dr r

P
T = L i -i sinq -i cosq +L i i cosq -i sinq

2

 
 
 

 (8) 

 

2.3 Vehicle movement simulation  
An induced torque generated by the traction motor 

directly drives an electric vehicle through an axial 

of the vehicle wheel. With a simple relation of 

linear and angular movement by a driving force, the 

motor torque can be transferred from its original 

rotational quantity into its equivalent translational 

force to push the vehicle box as shown in Fig. 4. 

The torque-force relation can be calculated by using 

Equation 9.    

Mg
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Ffr
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rad
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rag
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direction

 
Fig. 4 Free-body diagram of a vehicle box  

 

e

w

T
TE

r
=       (9) 

where, 

     TE is a vehicle tractive effort 

     Fdrag is a vehicle dynamic drag force 

     Fgrad is a gradient force due to road profiles 

     Ffric is a friction between wheels and road 

     rw is a vehicle wheel radius  

     M is a vehicle’s effective mass 

      g is the gravity constant (9.81 m/s
2
) 

 

To include the linear motion of the vehicle into the 

motor performance calculation, the vehicle mass can 

be represented by an effective moment of inertia 

added with the rotor inertia as shown in Equation 

10. In addition, any linear forces multiplied by rw are 

effective torques coupled to the rotor shaft.  

 

T m wJ J r M= + 2     (10) 

 

As can be seen in the free-body diagram, there exist 

two vehicle resistances and gradient force as follows 

[8,9,11-13].  

 

Drag force (Fdrag) is a vehicle aerodynamic drag 

force to oppose the vehicle movement. It depends on 
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many factors such as vehicle body shape or vehicle 

speed. Fdrag is given in Equation 11.   

21

2
drag r dF A C v= ×ρ× × ×    (11) 

where,  

     ρ  is the air density  

     Ar is a crossectional area of the vehicle 

     Cd is a drag coefficient 

     v is a vehicle speed 

 

Friction (Ffric) is a friction between the vehicle 

wheel and road surface to oppose the vehicle 

movement as shown in Fig. 5. It can be either static 

or dynamic friction. This force can be calculated by 

using Equation 12.  
 

fric rrF Mg cos= µ θ     (12) 

 

 
Fig. 5 Friction between the wheel and road surface 

 

Gradient force (Fgrad) is a component of the 

vehicle weight that is projected to the direction of 

movement. This force exists only when the vehicle 

climbing up/down a hill. This force can be expressed 

by using Equation 13.  

 

gradF Mg sin= θ     (13) 

 

From the Newton’s second law of motion, the 

vehicle acceleration can be computed by the 

following equation.  

 

grad fric drage

w

F F FT
a

r M M M M
= − − −   (14) 

 

1
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8
 m

 

Battery 

Pack

motor
Direct 

coupling

1.08 m  
Fig. 6 Electric scooter 

 

To analyze an electric scooter as shown in Fig. 6 as 

our test vehicle, two mutually coupled sets (linear 

and angular motion) can be formulated as shown in 

the free-body diagram in Fig. 7 

 

 
Fig. 7 Linear and angular motion coupling 

 

To include effects of motor performances on the 

vehicle movement, rotational quantities must be 

transformed in to a linear motion equation as 

follows.  

 
drag glad fric

m m m m
w

w w w w
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a

J J J J
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+ + + +

2 2 2 2
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    (15) 

 

When the acceleration (ak) at time k is computed, 

vehicle speed and distance can be updated with 

simple discrete time updating equations as follows.  

 

1k kt t t −∆ = −     (16) 

k k kv v a t−= + ∆
1

   (17) 

( )2

1

1

2
k k k ks s v t a t−= + ∆ + ∆   (18) 

where, 

     ∆t is the time update interval 

     sk is a vehicle traveling distance at time k 

     vk is a vehicle speed at time k 

     ak is a vehicle acceleration at time k 

 

3. Vehicle Speed Control Strategy 
To simulate vehicle motion, speed control strategy 

of a vehicle is required [8,9]. It can be achieved via 

simple rules. As long as the vehicle is accelerating 

and its speed is not reached the upper speed limit, 

the voltage supply fully energizes to the traction 

motor. When the speed violates the upper speed 

limit, just switch the power supply off or use a 

reduced voltage supply to energize the motor. When 

the power supply is off or reduced, the vehicle speed 

is decreased dramatically. Whenever it violates the 

lower speed limit, the full power supply must be 

back to energize the motor for acceleration as shown 

in Fig. 8. This speed-control strategy is a so-called 

ON/OFF control strategy that is widely used in 

several dynamic control systems, e.g. thermal 

control system.  
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Fig. 8 ON/OFF vehicle speed control strategy 

 

4. Simulation Results 
To simulate a scooter drive system, road surface 

profile as shown in Fig.9 and system parameters as 

shown in Table 1 are situated for test.  
 

 
Fig. 9 Road surface profile 

 

Table 1 System parameter for test 
Inverter voltage ( Vrms) 230 V 

Supply frequency (Hz) 50 Hz 

Number of poles (P) 4 

Main winding resistance ( rqs) 1.3 Ω 

Auxiliary winding resistance (rds )  2.6 Ω 

Rotor resistance (rr) 2.01 Ω 

Main winding inductance (Liqs) 0.2785H 

Auxiliary winding inductance (Lids) 0.0074 H 

Rotor inductance (Lir) 0.0053 H 

Magnetizing inductance (Lmqs) 0.0074 H 

Rotor inertia (Jm) 0.01 N-m-s
2
/rad 

Damping coefficient (Bm) 0.005 N-m-s/rad

Motor rating 0.26 kw 

Static friction coefficient (µs) 0.7 

Dynamic friction coefficient (µk) 0.2 

Effective mass (M) 80 kg 

Wheel radius of the vehicle (rw) 0.1 m 

Air density (ρ) 0.129 

Drag coefficient (Cd) 0.2 

Cross-sectional area of the vehicle (Ar) 0.3 m
2
 

 

Start the simulation by setting the upper and lower 

speed limit as 18.72 kph and 17.28 kph, 

respectively. The simulation will be terminated 

when the vehicle distance is greater than 100 m. To 

achieve the ON/OFF control action, full voltage of 

230 V and reduced voltage of 100 V are chosen to 

energize the traction motor during the journey. Figs 

9 – 12 show results from the motor performance 

calculation throughout the journey. Fig. 13 presents 

the tractive effort of the traction motor. Figs 14 – 18 

give the performance of the vehicle movement 

simulation.  

 

 
Fig. 9 Stator currents of the traction motor 

 

 
Fig. 10 Rotor currents of the traction motor 

 

 
Fig. 11 Angular speed of the traction motor 

 

 
Fig. 12 Induced torque of the traction motor 

 
Fig. 13 Tractive effort of the traction motor 

 
Fig. 14 Regulated speed of the test vehicle 
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Fig. 15 Acceleration of the test vehicle 

 

 
Fig. 16 Travel distance of the test vehicle 

 

 
Fig. 17 Speed versus travel distance of  

the test vehicle 

 

 
Fig. 18 Acceleration versus travel distance of  

the test vehicle 

 

5. Conclusion 
In this paper, modeling and simulation of a single-

phase induction motor to drive an electric vehicle is 

proposed. Models of each part are illustrated. 

Formulation of a whole system simulator for the 

electric scooter drive system is developed in fine 

detail and is the main contribution of this paper. In 

addition, an ON/OFF vehicle speed control strategy 

is demonstrated to regulate the vehicle speed within 

the limit. The results showed that the single-phase 

induction motor can be employed to drive the 

electric scooter with good performances. 
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